An unusually high damping peak of 20% has been observed in Ni 52 Mn 24 Ga 24 single crystals accompanying with martensitic transformation. The high damping capacity can be retained in the low-temperature martensite phase when a bias field of 0.4 T was applied along the measurement direction. The magnetically controlled high damping and adjustable martensitic-austenitic transformation temperature indicate a great potential of using Ni-Mn-Ga alloys as high damping or energy absorbing materials in a wide temperature range. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2345462͔
There are increasing needs to passively dissipate undesirable vibration and noise in many industrial fields. The use of high damping materials has been proved to be one of the most effective methods to meet this requirement. Alloys that undergo thermoelastic martensitic transformation are considered as promising candidates for this purpose due to their high damping capacity, [1] [2] [3] in which Ni-Mn-Ga ferromagnetic shape memory alloys have recently attracted more attention because of their unique magnetically controlled shape memory effect in comparison with conventional Ni-Ti shape memory alloys. [4] [5] [6] [7] [8] [9] Up to now, the temperature dependence of the damping behavior of Ni-Mn-Ga alloys has been investigated by some groups. [10] [11] [12] However, there has been very little work systemically studying their damping behavior in the low-temperature martensite phase and, in particular, the effect of a bias magnetic field on their damping behavior is still unclear. In this letter, we report an unusually high damping of 20% in Ni 52 Mn 24 Ga 24 single crystal. Our results strongly suggest that the controllable high damping in the low-temperature martensite phase and adjustable martensicaustensic transformation temperature indicate a great potential of using Ni-Mn-Ga alloys as high damping or energy absorbing materials in a wide temperature range.
The single crystals of Ni 52 Mn 24 Ga 24 were grown by the Czochralski method. The growth process and characterization of the magnetic properties and magnetic shape memory effect were given in detail elsewhere. 13 Specimens of appropriate sizes were spark cut from the initial rods and polished to obtain flat surfaces. Internal friction ͑denoted by IF͒ measurements were performed on a dynamic mechanical analyzer ͑DMA͒ ͑Q800 from TA Instruments͒ in infrasonic frequency range. The sample for the DMA measurements was oriented by x-ray scattering and it was cut as a parallelepiped ͑12ϫ 2 ϫ 1 mm 3 in size͒ with the large face parallel to the ͕110͖ planes. The DMA measurements were performed in a single cantilever mode by applying a small ac bending stress perpendicular to the ͕110͖ planes. Two NdFeB pole magnets were fixed between the cantilever inside the DMA chamber; as a result, a uniform magnetic field of 0.4 T can be applied along the ͓110͔ direction. Figure 1 shows the temperature dependence of IF during cooling at various frequencies ͑0.1-100 Hz͒ and a constant strain amplitude of ϳ10 m. It can be seen that the IF curves first increase rapidly and then decrease gradually with decreasing temperature. As expected, the IF curves give rise to the maximum peak ͑for example, ϳ20% at 0.1 Hz͒ at M s , where the associated elastic modulus exhibits a dip ͑not show here͒. Moreover, from Fig. 1 , we can find that the IF peak exhibits a frequency independence behavior, i.e., the position of the IF peak does not shift with increasing frequency and, correspondingly, only the height of the peak decreases slightly from ϳ20% at 0.1 Hz to ϳ14% at 100 Hz.
As the martensitic transformation proceeds, elastic strains are accumulated within the austenite that can be partially relieved through the formation of martensitic domains a͒ Electronic mail: wang.wenhong@aist.go.jp ͑or variants͒. From a thermodynamic point of view, not only the motion of the austenite-martensite phase boundary but also the motion of the martensitic domains will give rise to energy dissipation during cooling, leading to a pronounced asymmetry of the martensitic transformation peak. However, the number of martensitic domains will decrease with the decreasing temperature during cooling and as an index of energy dissipation, the internal friction increases until a maximum arises where the martensitic domains reach a metastable state. The appearance of numerous domains imposes a compressive stress on their neighboring structures, making the motion of the neighboring domains difficult and as a result, the energy dissipation decreases gradually with decreasing temperature in the low-temperature martensite phase. Figure 2 shows the temperature dependence of internal friction during cooling at various frequencies ͑0.1-100 Hz͒ and a constant strain amplitude of ϳ10 m. Unlike the measurement in Fig. 1 , we applied a small magnetic field of 0.4 T along the measurement direction, as shown in the inset of Fig. 2 . Surprisingly, we found that the high damping capacity ͑ϳ20% ͒ can be retained even in the low-temperature martensite phase down to 180 K. This means that there is more loss of energy due to the extra contribution from motion of the magnetic domains in the low-temperature martensite phase.
The question arises as to the reason for the high damping capacity in the low-temperature martensite phase. It is well known that the microstructure of Ni-Mn-Ga alloys consists of different martensitic domains of the same structure and energy, but of different orientations with respect to each other across the ͕110͖ planes. The martensitic domains selforganized spontaneously in the low-temperature martensite phase to minimize transformation free energy. Therefore, one likely mechanism for the high damping is related to the mobility of martensitic domains. On the other hand, in comparison with conventional shape memory alloys, a rather unique feature of ferromagnetic shape memory alloys is that the magnetic domains are considered to be magnetoelastically coupled to and superimposed upon martensitic domains that are formed upon undergoing the martensitic transformation. Due to the magnetoelastic coupling between the martensitic domains and magnetic domains, the free energy minimization during the self-organization of martensitic domains requires a reconfiguration of the magnetic domains when the geometry of the martensitic domains is altered by an applied stress. ͑Conversely, a change in magnetic domain configuration by application of magnetic field should reconfigure the martensitic domains.͒ A direct evidence of this magnetoelastic coupling between magnetic domains and martensitic domains has recently been shown by Chopra et al. in a NiMn-Ga single crystal using the high-resolution interferencecontrast-colloid technique.
14 Therefore, we proposed that the high damping is considered to result from a mutual accommodation of martensitic domains and magnetic domains in order to conform to an externally applied strain and magnetic field. Detailed studies are currently in progress, which are aimed at establishing a quantitative correlation between the internal friction behavior and microscopic readjustment of martensitic domains and magnetic domains in our Ni 52 Mn 24 Ga 24 single crystal.
More recently, Gavriljuk et al. 15 have proposed a model to estimate the mobility of martensitic domains in NiMn-Ga alloys by measuring strain dependence of internal friction. An iterative procedure was used in our work to estimate the typical mobility of martensitic domains subjected to a bias magnetic field of 0.4 T in the low-temperature phase. Figure 3 shows the strain ͑͒ dependence internal friction ͑Q −1 ͑͒͒ at different temperatures. We found that, in contrast to the results reported by Gavriljuk et al., 15 obtained for our Ni 52 Mn 24 Ga 24 single crystal. Note that the values are qualitatively consistent with the extremely low stress of twinning in Ni-Mn-Ga alloys and show how small in this case the energy barrier is for movement of atoms during mutual accommodation of martensitic domains and magnetic domains.
In summary, an unusually high damping peak of 20% has been observed in single crystalline Ni 52 Mn 24 Ga 24 associated with austenite-to-martensite transformation. It was found that the high damping capacity can be retained even in martensite phase with a bias magnetic field of 0.4 T applied along the measurement direction. We proposed that the high damping capacity originates from the irreversible motion of martensitic domains which are coupled with magnetic domains in the low-temperature martensite phase. The magnetically controlled high damping as well as adjustable martensitic-austenitic transformation temperature open up prospects of technological application for Ni-Mn-Ga alloys as high damping or energy absorbing materials.
